Abstract
Introduction

28
Removal of pollutants from industrial wastewater has become one of the most important issues recently for the 29 increase in industrial activities, especially for heavy metals and radionuclides. Since the big nuclear accident at 30 Fukushima, Japan in 2011, a large amount of radionuclides were released into water, soil and air, and the hazardous 31 influence of radioactive wastewater has drawn much attention all over the world. Among radionuclides, 137 Cs is 32 considered the most abundant and hazardous due to diverse sources and relatively long half-life. Furthermore, it can 33 be easily incorporated into terrestrial and aquatic organisms because of its similar chemical characteristics with them, solvent extraction, ion exchange and adsorption methods are most widely used. However, due to the high cost 41 of materials, large-scale application of solvent extraction is limited. In the case of ion exchange process, inorganic ion 42 exchangers are found to be superior over organic ion exchangers due to their thermal stability, resistance to ionizing 43 radiation and good compatibility with final waste forms (Nilchi et al. 2002, Plazinski and Rudzinski 2009 represent the uptake amount of ion by the adsorbent at equilibrium and time t, respectively.
103
In addition, the determination of the limiting step of the adsorption process is necessary by predicting the 104 diffusion coefficient using a diffusion based model. The possibility of intra-particle diffusion resistance affecting the 105 adsorption was explored in this study by using the intra-particle diffusion equation ( ) is the Cs + uptake amount at time t, k p (mg g -1 min −1/2 ) is the intra-particle 108 diffusion rate constant determined from the slopes of the linear plots. C is the constant, which indicates the thickness 109 of the boundary layer, i.e., the larger the value of C the greater is the boundary layer effect. 
Field emission scanning electron microscope (FE-SEM)
189
The FE-SEM images of walnut shell before and after modification are shown in Fig.1 . It can be seen that the raw 190 walnut shell has a complex and multilayer structure including the obvious fibrous lignocellulosic (Fig.1a) . After 
Thermogravimetric and differential thermal analysis (TG-DTA)
194
A large number of reactions occur during the thermal degradation of lignocellulosic materials. Therefore, a 195 thermal degradation pre-study conducted on the biomass material, is very important in terms of the efficient design of 196 9 thermochemical processes for the conversion of biomass into energy and products (Damartzis et al. 2011 It is clearly indicated that the NiHCF-WS has a much better adsorption performance for Cs + than only-WS.
217
Compared to the first-order model, the pseudo second-order kinetic model had a higher correlation coefficient 218 for NiHCF-WS, suggesting that the Cs + adsorption process is a chemisorption rather than physisorption. then an intra-particle diffusion step for the second and lastly a saturation step. In this study, the first linear region with 223 10 a high slope signaled a rapid external diffusion stage depicting macro-pore or inter-particle diffusion, which is 224 different from the second step, gradual adsorption stage controlled by intra-particle (micro-pore) diffusion, and the 225 last step (saturation stage). This observation can also be linked with adsorption mechanisms mainly involving the 226 surface layers of crystallites (Ramaswamy 1999 ). where N is the number of measurements. Similarly, a smaller NSD (%) value indicates a better fitting isotherm.
242
The results of χ 2 and NSD (%) are given in calculated using Eq. (11) and the results are listed in Table 4 . 276 As shown in The negative amounts of ΔG° at different temperatures and the positive amount of ΔH° revealed that the chemical ion 280 exchange process was a spontaneous and endothermic adsorption reaction in this study. ). (Fig.(b) shows the enlarged dark part in 
